Rainfall characteristics and mesoscale properties of precipitation systems in mei-yu seasons over South China, Taiwan, and the South China Sea (SCS) during 1998-2007 are investigated in this study. Mei-yu rainbands are defined using the Tropical Rainfall Measuring Mission 3B42 rainfall product and then applied to divide the mei-yu season into the mei-yu and break periods. In the 10-yr ''climatology,'' on average, the mei-yu rainbands have a lifetime of 4-5 days and most frequently occur near the South China coast. During the mei-yu periods, rainfall maxima are found over the Pearl River Delta, the foothills of the Yun-Gui Plateau, and Wuyi Mountain, with the first two maxima corresponding to especially heavy rainfall. Intraseasonal variations on the convective structures, especially over land, are distinct among the mei-yu, break, pre-mei-yu, and post-mei-yu, based on analysis of convection intensity proxies and vertical radar reflectivity profiles of precipitation features. Lightning flash rates are consistent with the convective structure. The most frequent lightning over South China and Taiwan is in the pre-mei-yu and the least is during the mei-yu, which suggests different microphysical structures. Therefore, the discrimination of intraseasonal transitions on convective vertical structures may have important implications to the problems of cumulus parameterization, model validation, rainfall estimation, and latent heat retrievals. Intraseasonal variations of convective structures over the SCS are less evident than those over land. Storms over the SCS during the mei-yu are slightly convectively stronger than those in the break. Oceanic features with strong ice scattering have much lower lightning flash rates than their counterparts over land.
Introduction
Every year in May-June, heavy rainfall events and associated deadly flash floods frequently cause severe property damage in South China and Taiwan. During this season, a quasi-stationary subtropical front, called the mei-yu front, occurs frequently and repeatedly (Ding 1992; Chen 2004) . Heavy rainfall and seasonal rainfall peak are largely a result of this front and its typical locations (Ding and Chan 2005; Chen et al. 2006) . Usually, the mei-yu front establishes its mean position over South China and Taiwan during the period of midMay to mid-June (Chen 1988 ). This period is called the mei-yu season in Taiwan (Wang 1970; Chen 1983) or the South China presummer rainy period by Chinese meteorologists (Tao and Chen 1987; Lau et al.1988) . The former terminology is employed in this study.
Heavy rainfall is often produced by long-lived mesoscale convective systems (MCSs) or intense mesob-scale systems embedded in the mei-yu frontal cloud band (Kuo and Chen 1990; Li et al. 1997) . The presence of a southerly or southwesterly lowlevel jet (LLJ; Chen and Yu 1988) to the south side of the mei-yu front significantly helps the development of these heavy rain-bearing systems (G. T.-J. Chen et al. 2005) , by providing warm and moist tropical air and strong uplifting mechanisms (Chen and Li 1995; Chen et al. 2000; Chen 1993 ). This study is motivated by the question: are convective structures of heavy rainfall meiyu systems distinct from storms in the relatively dry period, or before and after the mei-yu season?
Convective structures shift significantly between the active monsoon and break or westerly regime and easterly regime in the tropics (e.g., Amazon or Australia; Williams et al. 1992; Petersen et al. 2002; Cifelli and Rutledge 1998) . In Asia, premonsoon precipitation systems showed more intense convection in terms of higher echo tops and higher lightning possibility (Kodama et al. 2005) . Similarly, lightning activities over the Tibetan Plateau and South China Sea peak in the premonsoon period and decrease substantially after the monsoon onset (Qie et al. 2003; Yuan and Qie 2008) . However, whether convective structures of precipitation systems over South China and Taiwan significantly vary among periods of pre-mei-yu, mei-yu, break, and/or post-mei-yu is not known.
There have been many case studies based on various sources of measurements of the evolution, properties, and structure of convective systems in the mei-yu (Ninomiya 2000; Jou and Deng 1998; Geng et al. 2004) . Zhang et al. (2006) presents 3-yr vertical radar reflectivity profiles of meso-b-scale convective systems around mei-yu fronts to the north of the Yangtze River. But quantitative descriptions of ice scattering, convection intensity, and convective structure of MCSs or small storms over South China and Taiwan are extremely rare. Our motivation is to use the large sample of radar and passive microwave observations from the Tropical Rainfall Measuring Mission (TRMM) satellite to help correct this deficiency.
TRMM measurements were used to quantify the convective properties in other meteorological regimes (Nesbitt et al. 2000; Cecil et al. 2002; Petersen and Rutledge 2001; Cifelli et al. 2007) . Such studies could provide guidelines for the validation of model output statistics, rainfall retrievals, or climate studies. For example, the vertical profile of hydrometeors can be estimated from modern cloud-resolving models, but validation of microphysics parameterization schemes with real data is rare, and the accuracy of such estimates is unknown. Furthermore, physical parameterization or retrieval algorithms based on convective structures in certain meteorological regimes may not be transferable to other conditions (e.g., the mei-yu).
The specific objectives of this study include the following:
d Define mei-yu rainbands and separate mei-yu periods from the break, pre-mei-yu, and post-mei-yu periods;
d Quantitatively document the ''climatology'' of rainbands along the mei-yu front and mei-yu rainfall characteristics during 1998-2007; d Compare the convective properties and structure of precipitation systems in the mei-yu with those in the break, the period before, and the period after mei-yu onset;
d Quantify the range and frequency of measurements of radar reflectivity profiles, passive microwave ice scattering signatures, and lightning occurrence in mei-yu precipitation features.
This paper is organized as follows. Section 2 describes the datasets and methodology; the 10-yr climatology of mei-yu rainbands, spatial pattern of mei-yu rainfall, and heavy rainfall are presented in section 3; section 4 compares the mesoscale characteristics of precipitation features in different periods, including the population, area structure, convective properties, vertical structure, and lightning statistics. A summary of the results is given in section 5.
Methodology
The primary data sources used in this study include observations and retrievals from the precipitation radar (PR), the TRMM Microwave Imager (TMI), and Lightning Imaging Sensor (LIS) on board the TRMM satellite. Two datasets are involved: the TRMM version-6 3B42 dataset derived from the TRMM Multisatellite Precipitation Analysis (TMPA; Huffman et al. 2007) , and the TRMM Precipitation Feature (PF) database (Nesbitt et al. 2000; Liu et al. 2008 ).
a. Mei-yu rainband definition using TRMM version-6 3B42
1) TRMM VERSION-6 3B42 DATASET
The TRMM multisatellite merged rain estimates research product (3B42) has 3-hourly temporal resolution and 0.258 by 0.258 spatial resolution, covering the globe from 508S to 508N, available from 1998 to 2008. 3B42 algorithm uses both passive microwave measurements from low-earth orbit satellites and infrared radiance measurements from geostationary satellites. Multiple passive microwave rain estimates are first calibrated to TRMM PR and TMI estimates before their combination. The IR estimates are generated using the calibrated microwave estimates, and used to fill the multiple passive microwave coverage gaps. 3B42 rain estimates converge to TMI and PR estimates when they are available. Zhou et al. (2008) showed that 3B42 has good correspondence with rain gauge data on rainfall amount and rainfall spatial pattern in China but underestimates its intensity. Other studies indicate that the 3B42 product can represent the warm-season diurnal cycle in eastern China (Yu et al. 2007) .
2) DEFINITION OF MEI-YU RAINBAND AND MEI-YU PERIODS
Basically, a mei-yu front in the mei-yu season is defined by the 850-hPa front or wind shear line (Chen 1988) . In this study, mei-yu rainbands are defined based on the 3B42 daily rainfall and this basic mei-yu front definition. Our definition of a mei-yu rainband satisfies the following criteria: 1) a continuous band (a gap less than 28 is allowed) of daily accumulated rainfall .20 mm extending .108 of longitude, 2) a lifetime of at least 3 days, 3) at least one daily rainfall peak .50 mm, and 4) a corresponding wind shear line at 850 hPa. Figures 1a-c present a classic case of a mei-yu front, with frontal rainbands stagnated over South China for more than 3 days. Rainfall accumulation in Figs. 1d,e is not perfectly contiguous, but with only small gaps, thus considered as mei-yu rainband. Cases similar to the one in Fig. 1f , with only scattered rainfall clusters, are rejected as mei-yu rainbands.
Statistics of mei-yu rainbands indicate that most of the rainbands developed to the south of Yangtze River during 11 May-24 June (Fig. 2a) . Based on this result, 11 May-24 June is selected as the mei-yu season in South China and Taiwan. This definition of mei-yu season is about 10 days longer than the one defined by Chen (1988) . In addition, four temporal terminologies are specifically defined: 1) ''mei-yu'': periods with mei-yu rainbands in the mei-yu season, 2) ''break'': days lacking mei-yu rainbands in the mei-yu season, 3) ''pre-mei-yu'': period (10 April-10 May) before the onset of mei-yu, and 4) ''post-mei-yu'': period (25 June-15 July) after the mei-yu season.
b. Precipitation feature selection and classification using TRMM PF database
1) TRMM PF DATABASE
A new version of 10-yr (January 1998-January 2007) precipitation feature database was developed by Liu et al. (2008) based on the Nesbitt et al. (2000) algorithm. A PF is identified as continuous raining areas derived from TRMM PR. Measurements from different instruments are collocated before grouping them into PR pixels with the adjacent-pixel method. Standard products of 1B11, 1B01, 2A23, LIS orbital data, 2A25 (Iguchi et al. 2000) , and 2A12 (Kummerow et al. 1998 ) are put into the collocation process. Parameters such as radar reflectivity, lightning, microwave, or IR brightness temperature can be derived directly from each pixel of PFs at the resolution of PR (e.g., 4.2 km before the boost and 5.1 km after the boost of the satellite in 2001). As the PR detectable reflectivity is ;17-18 dBZ, the PF dataset ignores the very light-raining systems or pixels. But it is still quite reasonable to use this dataset to study precipitation systems in the monsoon regime.
This event-based method condenses the original information of pixel-level measurements from PR, TMI, and LIS into the properties of events. Therefore, it is efficient to investigate the convective properties of precipitation systems belonging to different weather regimes by using PF database.
2) PFS SELECTION AND CLASSIFICATION
The PFs are limited to the region (198-298N, 1068-1258E) where most of the mei-yu rainbands develop during the mei-yu season (Fig. 3) . The PFs are collected in different periods (pre-mei-yu, mei-yu, break, and post-mei-yu) and separated into land and ocean systems. Selected PFs are further categorized into MCSs, intense MCSs, sub-MCSs, or nonconvective systems (NCs) based on their area and the existence of convective pixels. First, PFs with an area $1000 km 2 and containing at least one convective pixel are defined to be MCSs. Intense MCSs are differentiated from MCSs by the threshold of maximum height of 30 dBZ $ 8 km. Second, PFs with an area of ,1000 km 2 but owning at least one convective pixel are defined as sub-MCSs. The 1000 km 2 criterion is selected to be consistent with the radar echo definition of MCS by Houze (1993) . Finally, systems without any convective pixel fall into the group of NCs representing mostly decayed convective systems or stratiform systems.
c. Interpretation of PF parameters

1) RADAR REFLECTIVITY
Parameters from PR used in this study include area coverage of PFs, maximum radar reflectivity at each resolution level, the maximum height of 30-dBZ radar reflectivity, and the maximum radar echo at the height of 6 km. Radar reflectivity responds preferentially to the liquid phase and the largest hydrometeors in the sample volume. Therefore, high values of radar reflectivity above the freezing level indicate the existence of supercooled liquid raindrops or large ice particles. The maximum height of the 30-dBZ echo is an indicator of how high the updraft can loft large supercooled liquid or ice particles (DeMott and Rutledge 1998). Maximum 6-km reflectivity is the greatest reflectivity value at 6 km of a PF. Climatologically, 6 km is a height usually in the mixed-phase region, with temperature lower than 258C. Several studies indicate that the presence of radar echoes above a threshold value of 35-40 dBZ in the mixedphase region is a good indicator of electrical activity sufficient for lightning (Dye et al. 1989; Williams et al. 1992; Petersen et al. 1996 Petersen et al. , 1999 . Besides, a direct way to present the vertical structure of the convective core of precipitation systems is by using vertical profiles of radar reflectivity (VPRR; Donaldson 1961; Zipser and Lutz 1994) .
2) PASSIVE MICROWAVE BRIGHTNESS
TEMPERATURE
Horizontally and vertically polarized brightness temperature at 85 GHz from TMI is converted into polarization corrected temperature (PCT) to avoid confusion between low brightness temperatures resulting from low surface emissivity and that from ice scattering (Spencer et al. 1989) . The PCT at 85 GHz is defined as
where T 85y and T 85h denote vertically and horizontally polarized brightness temperatures at 85 GHz, respectively. The 85-GHz PCT depends on the scattering of upwelling radiation by the lofted precipitation-sized ice particles. This ice scattering signature responds to the whole column of ice, often expressed as ice water content integrated over depth, or ice water path (IWP; Vivekanandan et al. 1991) . The higher the IWP is, the more depressed PCT at 85 GHz tends to be. Thus, 85-GHz PCT is a good proxy indicator of convective intensity or lightning activity (Mohr and Zipser 1996; Cecil and Zipser 1999; Zipser et al. 2006 ).
3) MEASUREMENTS FROM LIS
Small ice colliding with large graupel in the presence of supercooled liquid water is thought to be responsible for the charge separation leading to lightning (Saunders and Peck 1998) . A strong updraft is thought to be required to produce significant supercooled liquid water and large graupel in the mixed-phase region (Williams 1989 ).
Mei-yu rainfall characteristics
Before reporting on the convective properties of precipitation features in different periods, the rainfall characteristics in the mei-yu season are first analyzed. The distribution of mei-yu rainbands for 10 yr, the spatial pattern of rainfall produced by mei-yu rainbands, and the distribution of heavy rainfall are shown in this section.
a. Distribution of mei-yu rainbands
Generally, rainbands are oriented west-southwesteast-northeast and quite consistent with the 850-hPa wind shift line or front (not shown). From 1 May to 30 June, about 200 days in 10 yr have defined rainbands, with about 65% in June, and 35% in May (Fig. 2a) , with only 3 rainbands developing before 10 May. Specifically, 80% of the rainbands occurred during 11 May-24 June, while an evident transition happened on 24 June, after which rainbands lingered to the north of Yangtze River. The transition is a few days later than the one from the mei-yu in South China to the mei-yu in the Yangtze River in Tao and Chen 1987 . In this study, only 180 daily rainbands over South China and Taiwan are under investigation.
Most rainbands were initiated over the region between 258 and 308N, and propagated southeast down to South China, Taiwan, or the South China Sea, with their late stage being quasi-stationary (not shown). Chen (1977 Chen ( , 1983 suggested that the mei-yu front develops in the deformation wind field between a migratory midlatitude high to the north and a subtropical high to the south. The average lifetime of mei-yu rainbands being examined is about 4-5 days, while some extreme cases persisted for more than 10 days. This averaged time span of mei-yu rainbands is shorter than the average lifetime of mei-yu fronts (8 days) estimated by Chen (1988) . The difference is probably due to our definition that excludes dry fronts or less active fronts without well-defined rainbands.
A few retreat rainbands (Chen et al. 2006 ) moved northwestward slowly, after they reached the South China Sea. In this situation, rainbands persisted over South China and Taiwan, and led to extremely heavy rainfall and flash flooding. The coupling between the retrogression of a mei-yu front and short-wave trough provide favorable large-scale conditions for the production of heavy rainfall in Taiwan (Yeh and Chen 2004) .
The axis of the maximum distribution frequency (Fig.  2b) is oriented along the South China coast, shifted somewhat south when compared with the mei-yu front statistics in Chen (1988) . The distribution pattern indicates that the mei-yu front is often quasi-stationary in the vicinity of the Pearl River Delta. On average, about seven rainbands per year (35%) stayed over the Pearl River Delta region in South China, while five rainbands per year (30%) crossed Taiwan.
b. Rainfall distribution
On average, about 18 days per year have mei-yu rainbands in South China and Taiwan. Accordingly, mei-yu rainfall is defined as accumulated precipitation on these days.
During the whole mei-yu season, the rainfall maximum reaches above 500 mm over the Pearl River Delta and the foothills of Yun-Gui Plateau (Fig. 4a) . Two additional maxima are located in the Wuyi Mountains and over southwestern Taiwan. The mei-yu rainfall pattern matches the seasonal rainfall period of 11 May-24 June almost perfectly and has a well-defined band shape (Fig. 4b) . Roughly, the rainfall contributed by mei-yu rainbands is about 70% of the total rainfall during the mei-yu season. In addition, the rainfall is concentrated into a narrow band, with more than 75% of the precipitation falling into a 48 wide band (Fig. 4c) . Speculation is that storms with heavy rainfall were mostly triggered and developed along the convergence line near the low-level front, where dynamic forcing is strong and moisture is abundant.
Further examination on the terrain distribution (Fig. 3 ) indicates that three of the four rainfall maxima are located to the windward of mountains (e.g., Pearl River Delta, southwest foothills of Yun-Gui Plateau, and southwestern Taiwan). Basically, during the passage of a mei-yu front, warm and moist southwesterly flow or a LLJ impinges on the South China mountain ranges and central Taiwan Mountains, providing forced ascent and abundant moisture for new convection or precipitation enhancement. Different mechanisms for heavy orographic rainfall in mei-yu season have been proposed such as a barrier jet (Li and Chen 1998) On the other hand, break periods occupy more than half of the days but only contribute 30% of the seasonal rainfall, and rainfall during the break is distributed widely (Fig. 4d) . During breaks, rainfall maxima show up over the foothills of Yun-Gui Plateau, Sichuan basin, and the Yangtze River valley. Also during breaks, the maximum rainfall center over Taiwan in the mei-yu period disappears. Moreover, the precipitation center to the west of Canton is oriented southeast-northwest, parallel to the southeasterly flow prevailing during the break. The weak southwesterly or southeasterly flow during the break (Chen 1994) may also lead to the disappearance of the rainfall maximum in Taiwan. Meanwhile, the rainfall center in Sichuan basin may be related to the stagnation of storms in the basin or development of a southwest vortex (Kuo et al. 1986; Wang et al. 1993 ).
c. Heavy rainfall
The 3B42 grid rain rate greater than 10 mm h 21 is further defined as heavy rainfall. Geographically, distribution of heavy rainfall in the mei-yu (Fig. 5a ) matches quite well with the total mei-yu rainfall in Fig. 4b . An exception is that the rainfall center in the Wuyi Mountain region is missing an evident heavy rainfall peak. These results may help to verify terrain effects: the heavy orographic precipitation is significant over the South China coast and southwest Taiwan during the mei-yu period, while the rainfall maximum over the Wuyi Mountain may be contributed by more moderate precipitation rates. In contrast, spatial distribution of heavy rainfall in the break is more widespread, increasing slightly at the foothills of the Yun-Gui Plateau and the Yangtze River basin (Fig. 5b) . The total amount of heavy rainfall during mei-yu is about twice that in the break.
Statistics of precipitation features
This section analyzes and compares the precipitation and convective properties of features occurring in different periods over land and ocean, respectively. Characteristics such as areal extent, ice scattering signature, vertical precipitation structure, and lightning frequency, are quantitatively described based on large samples of PFs. four periods (Table 1) . About 46% of these features fall into the class of NCs (i.e., without convective pixels). On the other hand, 44% of the features have convective pixels but with an area ,1000 km 2 . Only about 10% of the PFs reach the threshold required of MCSs and just 30% of those are convectively strong enough to reach our definition of intense MCSs.
There are not any significant total sampling differences among the mei-yu, break, pre-mei-yu, and postmei-yu (Table 1) . A slightly higher percentage of MCSs develop in the pre-mei-yu and mei-yu, when frontal cloud systems dominate. But the mei-yu is less favorable for small convective systems (e.g., about 8% less subMCSs occurred in the mei-yu than in the break). The mei-yu also has the largest fraction of features bearing only stratiform elements (NCs).
Over the ocean (Table 2 ), the population of PFs is about half of that over land, and the percentages of features in different categories are quite comparable to those over land. The only exception is that the break has the same occurrence frequency of MCSs as the mei-yu, indicating that an environment with strong large-scale forcing makes land more favorable for organized systems than the ocean.
Geographically, sub-MCSs tend to concentrate in the Pearl River Delta and southwest Taiwan during the mei-yu, while they are preferentially located in the foothills of the Yun-Gui Plateau and eastern Taiwan during the break period (not shown). But MCSs do not show any preference for particular locations (not shown). This is possibly related to the long life cycle of MCSs.
b. Storm properties over land
Median values of selected parameters (area, mininum 85-GHz PCT, maximum height of 30 dBZ, and maximum reflectivity at 6 km) are given in Table 3 and their cumulative distribution functions (CDFs) are shown in Fig. 6. 
1) AREA STRUCTURE
Precipitation systems in different periods are comparable in size when all the PFs are considered (Table 3 and Fig. 6a ). The whole dataset is dominated by small features (i.e., more than 80% of the systems are smaller than 1000 km 2 ). But when more intense systems are compared, the area structures are significantly different: the mei-yu has the highest fraction of large MCSs (Fig. 6a) . For example, mei-yu MCSs are about 20% larger than those in the break, and intense MCSs in the mei-yu are 50% larger than their counterparts in the break. We may speculate that large-scale frontal dynamical forcing combined with a moist environment can help to initiate and maintain large precipitation systems (Houze et al. 2007 ). 
2) STATISTICS OF CONVECTION INTENSITY
PROXIES
As shown by CDFs of minimum 85-GHz PCT (min85pct; Fig. 6b ), the whole dataset is dominated by PFs with very weak or nonexistent ice scattering (high PCT values). Specifically, median values of min85pct of total features are about 20 K higher than 250 K, a threshold used to delineate systems with low rain intensity (Spencer et al. 1989) or without significant ice particles above the freezing level (Nesbitt et al. 2000) . Only about 10% of total features have even a single pixel with an ice scattering signature lower than 225 K, a value that McGaughey et al. (1996) used as a threshold for deep convection.
With respect to radar reflectivity, more than 20% of total features do not have hydrometeors large or concentrated enough to include a 30-dBZ radar echo at any height (Fig. 6c) . In addition, about 30% of the features are shallower than 6 km (Fig. 6d) . In contrast, 95% of the defined MCSs have maximum radar reflectivity reaching a 30-and 20-dBZ echo extending above 6 km. A small fraction of MCSs have 30 dBZ extending up to 15 km and 6-km reflectivity reaching 50 dBZ.
For the ice scattering of MCSs, their intensity based on the CDF follows the sequence of the pre-mei-yu, mei-yu, break, and post-mei-yu (Fig. 6b) . For example, features with min85pct lower than 200 K take up a higher percentage (about 8% more) in the break than in the mei-yu and pre-mei-yu. However, the mei-yu presents only slightly stronger ice scattering frequency profile than the pre-mei-yu. Similar intraseasonal transitions also happen to the vertical radar reflectivity structure of MCSs in terms of maximum height of 30 dBZ (maxht30; Fig. 6c ) and maximum radar reflectivity at 6-km (maxdbz6; Fig. 6d ). Though average MCSs in the mei-yu have somewhat stronger ice scattering signature and deeper convection than those in the pre-mei-yu (Figs. 6b,c) , intense MCSs (25% of the MCSs) in the pre-mei-yu shows higher radar reflectivity at 6 km than their counterpart in the mei-yu (Fig. 6d) . The higher value of maxdbz6 in the extremely intense MCSs occurred before the onset of the Asian monsoon, demonstrates the existence of larger supercooled raindrops or precipitation-size ice particles in the mixed-phase region of these systems.
3) VERTICAL PROFILE OF RADAR REFLECTIVITY
The TRMM PR gives the reflectivity of the precipitation feature with a vertical resolution of 0.25 km. This is one major advantage of the PR versus groundbased radar measurements. We use the same definition of VPRR as Donaldson (1961) , where it was designed as the maximum reflectivity of a cell as a function of height.
VPRR is often a strong indicator of storm intensity or lightning probability (Szoke and Zipser 1986; Zipser and Lutz 1994; Cecil et al. 2005) ; the higher the reflectivity in and above the mixed-phase region is, the more intense the storm tends to be. Figure 7 presents the VPRR of defined MCSs and subMCSs over land during the mei-yu (solid) and other periods (dashed). Not surprisingly, MCSs have profiles indicating much deeper and more intense convection than those of sub-MCSs. Most likely, MCSs have larger convective cores and tend to be less diluted by the entrainment of environmental air. The methodology for determining the VPRR detects the maximum reflectivity at any altitude regardless of whether or not convective cells tilt.
The VPRR of MCSs over South China and Taiwan indicates convective intensity between the typical oceanic ones and continental examples. For example, reflectivity FIG. 7 . Vertical profiles (from bottom to top in 50th, 60th, 70th, 80th, 90th, 95th, and 99th percentile) of maximum radar reflectivity of MCSs and sub-MCSs over land during the mei-yu (solid) and other periods (dashed): (a),(b) pre-mei-yu; (c),(d) break; and (e),(f) post-mei-yu.
lapse rates between 08 and 2208C (3-km interval above the freezing level) were documented as 6.0-6.5 dBZ km 21 for oceans and 2.5-3.5 dBZ km 21 for continents in Liu et al. (2008) . Applying the same analysis to the median profile of VPRR of MCSs in this study, we get a 4.0-4.5 dBZ km 21 lapse rate for the 3-km interval above the freezing level. However, the convective structure of the mei-yu regime based on VPRR is close to that of tropical South China Sea (Yuan and Qie 2008) , with similar reflectivity at the low level and the same lapse rate in the mixed-phase region.
Dramatic differences were reported on the convective structure between periods with strong monsoon westerly and the break in Darwin, Australia Williams et al. 1992) . In this study, VPRR of the top 5% MCSs in the mei-yu and the break are very close, indicating no significant difference in the convective structure (Fig. 7c) . Extremely intense convective cells within MCSs during the mei-yu are also comparable to those after the mei-yu season (Fig. 7e) . However, ordinary MCSs or sub-MCSs during the mei-yu have significantly less liquid or ice content in the mixed-phase region than their counterparts during the break, as well as lower echo tops (Figs. 7c,d) .
Notable changes on convective structure also happen between storms in the pre-mei-yu and mei-yu. As illustrated by Fig. 7a , MCSs in the break have greater radar echo in the interval between 5 and 8 km (i.e., between 08 and 2208C). This is the mixed-phase region, where higher radar reflectivity means larger liquid drops or precipitation-size ice particles, with a higher potential of charge separation (Dye et al. 1989 ). But intense convective elements of MCSs in the pre-mei-yu reach somewhat lower heights than in the mei-yu. Lower cloud tops could be a result of a lower tropopause in the premonsoon season. This difference on the convective structure between the mei-yu and pre-mei-yu also applies to sub-MCSs (Fig. 7b) .
4) LIGHTNING STATISTICS
Lightning activity is another possible proxy for convective intensity (Zipser et al. 2006 ). Many studies reveal that lightning frequency is higher before monsoon onset than during the monsoon rainfall peak (Qie et al. 2003; Yuan and Qie 2008) . Higher lightning occurrence is also reported in the break than in the active monsoon period in other parts of the tropics Petersen et al. 2002) . The question here is whether variations in lightning flash rate also modulate transitions in convective structures among the pre-mei-yu, mei-yu, break, and post-mei-yu.
Precipitation systems during the mei-yu have the lowest lightning probability (Table 4) . For example, only 4.9% of total mei-yu features have measurable lightning, but in the pre-mei-yu and the break this figure is 2% higher, while the lightning occurrence increases to 10% after the mei-yu season. Storms producing a high flash rate (e.g., 10-99 flashes in the viewing time) are less likely during the mei-yu than in any other time period.
More than 80% of the flashes are produced by intense MCSs, though intense MCSs compose only about 3% of the total features (Table 5) . As expected, features classified as NCs (without ice scattering signatures) have virtually no lightning. By specific comparison, precipitation systems in the pre-mei-yu produce the most flashes, which is more than double than in the mei-yu. Similar difference also exists between the mei-yu and the break. These differences on lightning production stay stable even if the flash counts are normalized by the raining area or convective area of features. As has been concluded, intense MCSs in the pre-mei-yu and break have higher radar reflectivity at the 6-km level than in the mei-yu. As a result, higher radar reflectivity at the mixed-phase level leads to more intense lightning activity, even with lower cloud tops in the pre-mei-yu.
c. Storm properties over ocean
Generally, most of the features over the ocean have similar convective properties as those over land. That is, there is negligible difference of median values of area, min85pct, maxht30, and maxdbz6 of storms over land and ocean (Tables 3 and 6 ). For the top 10% of MCSs or sub-MCSs, ocean features have lower radar reflectivity in the mixed-phase region, and their VPRRs decrease faster above the 08C level than over land (Figs. 8a,b) . However, the near-surface rain rate is almost the same for land and ocean storms.
Compared to storms over land, precipitation systems over ocean show less changes in convective structure during intraseasonal transitions (Figs. 8c-f ). Similar to storms over the adjacent land, oceanic MCSs in the premei-yu have higher radar reflectivity in the mixedphase region but are shallower than those during the mei-yu. Unlike the land features, oceanic MCSs in the break are slightly convectively weaker and shallower than those in the mei-yu. For the sub-MCSs, mei-yu systems are stronger than those in both the pre-mei-yu and break, in contrast to the intraseasonal variations of subMCSs over land.
d. Locations of intense convection and lightning
Following the study of the intraseasonal variations on convective structures, this subsection investigates the intraseasonal changes on locations of intense convection and lightning. Because of the similarity of distribution patterns of the three convection intensity proxies, only minimum 85-GHz PCT and lightning are discussed.
1) MINIMUM 85-GHZ PCT
McGaughey et al. (1996) indicated that 85-GHz PCT with 225 K guarantees the presence of convective elements, and 225 K is selected in this study as the threshold for ice scattering of convective cores. Mohr and Zipser (1996) used criteria of the minimum 85-GHz PCT # 175 K for intense convection. Similarly, features with minimum 85-GHz PCT # 125 or 100 K can be interpreted as extremely intense convection.
Before the mei-yu onset, precipitation features with strong ice scattering or intense convection (low PCT values) spread out mainly over continental South China (Fig. 9a) . In the mei-yu phase, convectively intense features are preferentially located in the vicinity of the Pearl River Delta, and a few of them also occurred over the South China Sea (Fig. 9b) , but very few systems with strong ice scattering signatures develop north of the South China mountain range. During the break, the concentration of convectively intense features shifts from the Pearl River Delta to the foothills of the Yun-Gui Plateau (Fig. 9c) . In addition, more intense convection develops to the north of the South China mountain range and east of Taiwan in the break, with less over the South China Sea between Hong Kong and Taiwan. After the mei-yu, intense convection jumps from South China to the Yangtze River, dominating all of continental South China and Taiwan (Fig. 9d) .
2) LIGHTNING FLASH RATE
Over land, the distribution of PFs with a high flash rate is quite similar to that of PFs with a strong ice scattering signature (Fig. 10) , indicating the important role of large ice particles in the processes of electrification. However, lightning occurs far less frequently over ocean than over land, especially for events with high flash rates. Over the South China Sea, the abundance of storms with strong ice scattering signature does not guarantee features with a high flash rate. For example, many features with a strong ice scattering signature develop to the southwest of Taiwan during the mei-yu and to the southeast of Taiwan during the break, but very few of them have significant lightning flash rates.
Summary
Using the mei-yu rainbands defined from the 3-hourly TRMM 3B42 dataset, the mei-yu season over South China, Taiwan, and the South China Seas are divided into the mei-yu (periods with mei-yu front) and break (periods lacking the mei-yu front). ''Climatology'' of the mei-yu rainband distribution and rainfall characteristics is constructed. Convective structures of precipitation features during the mei-yu, break, pre-mei-yu, and postmei-yu are compared. Major findings from these analyses are as follows:
d Mostly, mei-yu rainbands initiate over 258-308N, and then propagate southeast down to South China, Taiwan, or the South China Sea, and stay quasi-stationary. The average lifetime of the mei-yu rainbands is about 4-5 days, with extreme cases lasting more than 10 days.
The maximum axis of occurrence of the rainbands is along the South China coast, with the average of seven rainbands over the Pearl River Delta and five rainbands over Taiwan per year.
d Mei-yu rainbands contribute the most rainfall in the Pearl River Delta, the foothills of the Yun-Gui Plateau, and Wuyi Mountain. The latter two rainfall maximum centers indicate orographically enhanced rainfall.
d Significant changes in convective intensity and convective structures of precipitation features, especially over land, exist in the intraseaonal transitions. Most measures indicate weaker convection in the pre-mei-yu, then progressively more intense in the mei-yu, break, and the greatest in the post-mei-yu. However, a few extremely strong systems or intense MCSs in the premei-yu have higher radar reflectivity in the mixedphase region than in the mei-yu.
d Locations of intense systems also vary substantially in the intraseasonal transitions. Features with intense convection are preferentially located in the vicinity of the Pearl River Delta and the South China Sea during the mei-yu periods, while they concentrate along the foothills of the Yun-Gui Plateau in breaks. During the pre-or post-mei-yu periods, convectively intense systems are more widely distributed.
d Precipitation systems in the mei-yu have the lowest lightning probability, whereas storms in the pre-mei-yu have the highest. The variations of lightning flash rates among different periods appear to be closely modulated by the convective structure, especially the radar reflectivity in the mixed-phase region.
d Most of the PFs over ocean demonstrate similar convection intensity as those over land, with only extremely intense MCSs over water being weaker. Intraseaonal variations on the convective structures of features over ocean are less evident than their counterparts over land. Unlike the land systems, storms over ocean during the mei-yu are slightly convectively stronger than those in the break. Oceanic features with strong ice scattering have lower lightning flash rates than storms over land.
